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Abstract—Strong high-order Rayleigh or Sezawa modes, in 
addition to the fundamental Rayleigh mode, have been observed 
in ZnO/GaAs(001) systems along the [110] propagation direction 
of GaAs. The dispersion of the different acoustic waves has been 
calculated and compared to the experimental data. The 
bandwidth and impedance matching characteristics of the 
multimode SAW delay lines operating at high frequencies (2.5-
3.5 GHz regime) have been investigated.  
I. INTRODUCTION 
ZnO films are known to enhance the piezoelectric coupling 
of GaAs substrates, facilitating the integration of surface 
acoustic wave (SAW) devices with the GaAs electronics. In 
spite of the small sound velocity mismatch between the two 
materials, this slow-on-fast structure supports several guided 
waves in the overlayer. However, only the fundamental 
Rayleigh wave has been studied so far [1,2]. 
The dynamic modulation of the band diagram induced by 
the piezoelectric field of a SAW in GaAs-based systems has 
allowed the development of single-electron transistors using 
the split-gate technique [3]. More recently, these constrictions 
have been combined with lateral n-p junctions pursuing a high 
frequency single-photon source [4]. Other approaches to 
SAW-assisted anti-bunched photon emitters rely on the 
controlled injection of excitons into quantum dots [5] or the 
modulation of their emission by means of the SAW strain 
fields [6]. All these applications would benefit strongly not 
only from the enhanced piezoelectric coupling provided by the 
ZnO but also from the capacity of modulating the 
optoelectronic systems using waves with different 
piezoelectric and strain field depth profiles to those of the 
fundamental Rayleigh mode.  
In this paper we report on the characteristics and 
dispersion of the different acoustic waves supported by the 
ZnO/GaAs heterostructure and on the performance of the 
SAW delay lines used to generate them.  
II. ZNO FILMS AND DEVICE DESIGN 
ZnO films of different thickness H, ranging from 1 to 2.5 
μm, were deposited on semi-insulating GaAs(001) substrates 
by high target utilization sputtering (HiTUS) [7] at room 
temperature. In this technique, an argon plasma is generated in 
a side chamber and steered onto the target, avoiding the direct 
contact of the plasma with the substrate. This prevents the ion 
bombardment of the substrate, providing high quality films 
with very low stress and defect density even at high deposition 
rates and at room temperature [7].  
The sputtering parameters were optimized in order to 
obtain highly resistive films oriented along the (001) crystal 
axis, conditions that ensure a strong piezoelectricity. A Zn 
target (99.999 %) was exposed to the Ar plasma with a 
constant target power of 800 W. The flows of Ar and O2 were 
65 and 41 sccm, respectively, providing a deposition rate of 
∼50 nm/min. The crystal quality of the sputtered ZnO films 
was assessed by X-ray diffractometry, confirming the unique 
orientation of the films along the (001) axis. The resistivity of 
all the films was very high (1010 Ω m). 
SAW delay lines, formed by split-finger interdigital 
transducers (IDTs), were patterned by e-beam lithography on 
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the ZnO films along the [110] direction of the underlying 
GaAs(001) substrates. The IDTs were formed by Ti/Au (10/10 
nm) contacts and had a period λ of 1 μm and a metallization 
ratio of 0.5, i.e. finger width and pitch of 125 nm. The IDTs 
had an aperture W of 60 μm, whereas the number of finger 
pairs Np was varied in order to modify the bandwidth of the 
passband. The delay lengths were 1 and 2 mm. The S 
parameters of the devices were measured with a coplanar 
probe station connected to a network analyzer, and in some 
cases (when specifically stated) the devices were also 
characterized once mounted on a sample holder with SMA 
connectors. 
III. RESULTS 
A. High-order Rayleigh or Sezawa modes 
Fig. 1 shows the insertion loss of identical SAW delay 
lines fabricated on a series of ZnO films of different thickness 
on GaAs(001) substrates. The spectra of the devices on films 
with thickness H ranging from 1 to 1.4 μm present two clear 
resonances, whereas  the  device  on  the  thickest  film  
(H=2.5 μm) supports three. The lowest-frequency resonance, 
at 2.53 GHz for all the devices, corresponds to the 
fundamental Rayleigh mode (labeled as R). The resonances at 
higher frequencies are associated with high-order Rayleigh 
modes, also called Sezawa modes (labeled as Si, i≥1). These 
are guided waves in the overlayer that arise since the 
ZnO/GaAs structure forms a slow-on-fast system, i.e. the bulk 
transverse velocity in the substrate is larger than in the 
overlayer. The frequency of the first Sezawa mode (S1) 
decreases from 3.20 to 2.86 GHz as the film thickness 
increases from 1 to 2.5 μm (as indicated by the arrow in 
Fig.1), whereas the second Sezawa mode (S2) appears only for 
the thickest film, at a frequency of 3.08 GHz.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Insertion loss of identical SAW delay lines on ZnO films of 
different thickness H on GaAs. R, S1, and S2 denote the Rayleigh and the first 
and second Sezawa modes, respectively.  
B. Dispersion of the ZnO/GaAs structure 
The identification of the acoustic modes shown in Fig. 1 is 
based on the comparison of the experimental data with the 
numerical calculation of the dispersion of the ZnO/GaAs 
structure. The calculation is based on a Green’s function 
formalism which was developed to calculate Brillouin spectra 
[8]. The material parameters of ZnO and GaAs used for the 
calculation have been taken from Refs. [9] and [10], 
respectively. 
The results of the simulations for the ZnO/GaAs(001) 
heterostructure with propagation along the GaAs [110] 
direction are summarized in Fig. 2. ZnO has a wurzite 
structure (crystal class 6mm) with isotropic elastic properties 
in the (00.1) plane, so that the propagation direction is referred 
to that of the underlying cubic structure of GaAs (crystal class  
-43m) that presents a four-fold symmetry in the elastic 
properties in the (001) plane. The gray scale in Fig. 2 depicts 
the magnitude of the shear vertical component of a wave 
having the given velocity and kH=2πH/λ value. The 
experimental data (circles) have been determined from the 
resonance frequency of the IDTs (Fig. 1). The velocity of the 
R mode decreases from its value in GaAs for kH=0, to that in 
ZnO for approximately kH>7. Additionally, Si modes emerge 
nearly periodically beyond their threshold values of kH. The 
velocity of the Si modes decreases monotonically with 
increasing kH. The numerical results are in good agreement 
with the experimental data. The small discrepancy on the Si 
modes in the thickest ZnO film could originate from a slight 
misalignment of the delay line pattern from the [110] 
direction. The broadening of the R mode is an artifact of the 
calculation when resolving simultaneously the intense R mode 
and the less intense Si modes. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Dispersion of the Rayleigh (R) and Sezawa (Si) modes in the 
ZnO/GaAs(001) structure  for propagation along the [110] direction of  
GaAs. The brighter the scale is, the larger the calculated intensity of the 
mode. The experimental data are shown by the circles. 
C. Device bandwidth  
Figs. 3(a) and 3(b) depict, respectively, the insertion and 
return loss of a series of SAW delay lines with varying 
number of finger pairs (Np) fabricated on a 2.5 μm-thick ZnO 
film on GaAs(001). The resonances of the R, S1, and S2 modes 
are clearly observed in both the transmission and the reflection 
spectra for all the cases except for the S1 mode in the 
reflection spectra for the lower Np cases, where it is hardly 
distinguished from the background.  
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Figure 3.  (a) Insertion loss, (b) return loss, and (c)  Smith chart (normalized 
to 50Ω) of SAW delay lines with varying number of finger pairs Np on a 2.5-
μm thick ZnO film on GaAs. R, S1, and S2 denote the Rayleigh and the first 
and second Sezawa modes, respectively.  
The variation of Np modifies the losses of the devices by 
means of two different mechanisms. On the one hand, the 
passband of the devices narrows as Np increases and this 
translates into a reduction of the losses. This correlation is 
clearly observed in Figs. 3(a) and 3(b). On the other hand, the 
increase in Np produces an increase in the capacitance of the 
IDT, decreasing its reactance and thus enhancing the 
impedance matching condition of the device. Fig. 3(c) shows 
the Smith chart of the impedance of the devices. The traces, in 
the capacitive half of the chart, move approximately along 
curves of constant resistance, except at the mode resonances, 
where a loop is formed. As Np increases, the traces present 
larger loops, i.e. stronger resonances, and they shift towards 
smaller values of capacitive reactance.    
The evolution of the bandwith with Np for the different 
mode resonances shown in Fig. 3(a) is summarized in Fig. 4. 
Both, the bandwidth between first nulls on either side of the 
resonance frequency (BWnn) and between points 3 dB below 
the main lobe maximum (BW3) have been extracted from the 
experimental data in Fig. 3(a). The experimental bandwidths 
in Fig. 4 (labeled as BWnn exp and BW3 exp) are compared to their 
theoretically expected values (labeled as BWnn th  and BW3 th). 
The theoretical bandwidth between first nulls is given by the 
expression BWnn = 2f0/Np, where f0  is the resonance frequency 
of the mode. The theoretical value of the bandwidth at 3 dB is 
BW3 ≈ 0.31BWnn, the characteristic value of a square sinc 
function at that level. The comparison of the experimental and 
theoretical values of BW3 shows an overall good agreement, 
whereas the experimental values of BWnn are systematically 
lower than the theoretically predicted ones. This discrepancy 
is likely to be related to the error in determining the position 
of the nulls. This error is especially large in the case of the S1 
mode where first nulls appear at a very high insertion loss, as 
can be noticed in Fig. 3(a).    
 
 
 
 
 
 
 
 
 
 
 
Figure 4.   Evolution of the bandwidth of the Rayleigh (R), first Sezawa 
(S1), and second Sezawa (S2) mode resonances with the number of finger 
pairs in SAW delay lines on a 2.5-μm thick ZnO film on GaAs. See text for 
details. 
D. Impedance matching  
A stub tuner has been used to impedance match one of the 
IDTs forming the SAW delay lines under study in order to 
determine the maximum potential of the devices. The selected 
device was patterned on a 2.5 μm-thick ZnO film on 
GaAs(001) formed by IDTs with W=60 μm, λ =1 μm, and 
Np=70. The device was mounted on a sample holder with 
SMA connectors. The contribution of the measurement set-up, 
including an SMA cable and the stub tuner in its initial 
contracted position, has been eliminated by means of the 
calibration.  
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Fig. 5 shows the return loss spectra of an IDT before and 
after using the stub tuner to impedance match it, whereas the 
inset presents the data in the format of a Smith chart, where 
the variation of the impedance with frequency is depicted. The 
comparison of the spectra in Fig. 5 and its inset for the 
untunned IDT with those of a similar IDT (Np=70) in Figs. 
3(b) and 3(c) indicates the contribution of the sample holder. 
The traces, which are in the capacitive half of the chart when 
measured on wafer with probes [see Fig. 3(c)], cross over 
from inductive to capacitive when measured on housing, as 
shown in the inset of Fig. 5. In particular, the resonance of the 
R mode lies in the inductive half of the chart. The inductance 
measured is likely to originate from the wire bondings used to 
connect the device to the sample holder.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Return loss of an IDT with Np =70 on a 2.5-μm thick ZnO film on 
GaAs (device mounted on a sample holder). The inset shows the Smith chart 
(normalized to 50Ω) of the return loss.  R and S2 denote the Rayleigh and 
second Sezawa modes, respectively.  
 
When the stub tuner is used to impedance match the R 
mode, as indicated by its resonance centered at 1 on the real 
axis (i.e. 50 Ω) of the Smith chart (inset of Fig. 5), the deep 
associated to that mode in the return loss spectrum (Fig. 5) is 
enhanced by more than 25 dB. Nonetheless, the stub tuner 
introduces an additional modulation of the background of 
approximately 8-10 dB in amplitude and a period of 715 MHz. 
One of the minima of this modulation coincides with the 
resonance of the R mode, broadening its base. If that 
contribution is subtracted, the net enhancement of the 
magnitude of the R mode amounts to 20 dB, as indicated in 
Fig. 5.  
IV. CONCLUSIONS  
Strongly oriented and highly resistive ZnO films on GaAs  
substrates have been obtained by sputtering at room 
temperature. The different acoustic waves propagating along 
the [110] direction of GaAs in ZnO/GaAs(001) systems have 
been experimentally and theoretically investigated. In addition 
to the fundamental Rayleigh mode, strong high-order Rayleigh 
or Sezawa modes propagate confined in the overlayer. In 
particular, the insertion loss of the S1 mode can be as low as 
that of the R mode for certain thickness-to-wavelength ratios. 
The bandwidth and impedance matching characteristics of the 
different resonances in SAW delay lines operating at high 
frequency (2.5-3.5 GHz regime) have been investigated.  
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